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ABSTRACT 

A complete family of seismic analysis and design tools for a structural component or system would include micro- 
models suitable for finite element analysis of individual components, macro-models suitable for analysis of a 
framing system, and simplified models suitable for preliminary analysis and design upon which macro-models 
can later be based. 

This paper presents a simplified model for analysis of flexure- and flexure-shear-critical rectangular steel- 
plate composite (SC) walls. A reliable straightforward method is presented to calculate the monotonic 
force-displacement response of an SC wall. The proposed analytical model is verified using results of finite 
element analyses of SC walls with three aspect ratios ( = 0.5, 1 and 2), reinforcement ratios ranging from 2% 
to 5%, wall thicknesses of 254 mm, 508 mm, and 762 mm, and concrete compressive strengths of 27.5 MPa 
and 48.3 MPa. The results of analysis using the simplified model compares very favorably with those obtained by 
finite element analysis of validated LS-DYNA models. The accuracy of the proposed method to simulate the 
monotonic response of multi-story SC walls is investigated. 

© 2014 Elsevier Ltd. All rights reserved. 



1. Introduction 

Typical steel-plate concrete (SC) composite walls are composed of 
steel faceplates, infill concrete, headed steel studs anchoring the face- 
plates to the infill, and tie rods connecting the two faceplates through 
the infill. Fig. 1 presents a cut-away view of a typical SC wall panel. 

The considerable interest in the use of steel-plate concrete (SC) com- 
posite shear walls in safety-related nuclear facilities has motivated 
Japanese, Korean, Canadian and US researchers to investigate the in- 
plane behavior of SC walls. Much of the early work focused on shear- 
critical walls, namely, those walls with boundary columns and flanges 
and those rectangular walls and rectangular walls with low aspect 
ratios. Takeda et al. [1] proposed a tri-linear curve including the elastic, 
pre-buckling, and post-buckling regions. Suzuki et al. [2] developed a 
macro model to predict the peak shearing resistance of H-shaped SC 
walls using a lower bound theory. A tri-linear shear force-shear strain 
relationship was proposed by Akita et al. [3] to consider concrete 
cracking, faceplate yielding, and concrete crushing in SC walls. Emori 
et al. [4] proposed that the shear resistance of an SC wall be calculated 
as the sum of the shear strength of the steel faceplates (0.6A s f y ) and 
30% of the axial compressive force in the infill concrete (A c f c ). A tri- 
linear relationship for in-plane shear was proposed by Ozaki et al [5], 
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which included elastic, post-concrete cracking, and post-faceplate 
yielding regions; the peak shearing strength was set equal to the yield 
strength (A s f y ) of the steel faceplates. Varma et al. [6,7] proposed a tri- 
linear shear force-shear strain relationship for in-plane shear response 
with similar break points and peak shearing strength. The above studies 
focused on behavior in pure shear. Flexure and flexure-shear behaviors 
have not been studied as thoroughly. 

A complete family of seismic analysis and design tools for SC walls 
should include micro-models suitable for finite element analysis of 
individual components, macro-models suitable for analysis of a framing 
system, and simplified models suitable for preliminary analysis and de- 
sign upon which macro-models can later be based. This paper presents a 
simplified procedure to predict the flexure and flexure-shear responses 
of rectangular SC walls using moment-curvature and shearing force- 
shearing strain relationships. The model is verified using results of finite 
element analysis of DYNA models that were validated [17] using data 
from large-scale physical experiments [8-10]. Shear-critical SC walls 
are not addressed. The notation is summarized in a compact form at 
the end of the paper and variables are not defined after equations. 

2. Simplified monotonic analysis of SC walls 

Xu et al. [11 ] calculated the lateral force-lateral displacement rela- 
tionship for an RC column assuming concentrated hinging and address- 
ing coupling between axial force, shear force and bending moment. 
Nonlinear response was simulated using flexural and shear springs at 
the ends of the column. Backbone curves were established in flexure 
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included in Table 1,3) calculate the moment-curvature relationship 
for the cross-sections of the SC wall panel using the equations included 
in Table 2, 4) modify the moment-curvature relationships of step 2 
to account for flexure-shear interaction in the steel faceplates, 5) set 
the shearing capacity of the panel (V t max ) to the smaller of a) the peak 
shearing force calculated in step 2 ( V s max ), and b) the shearing force cor- 
responding to the flexural strength calculated in step 4 (V/ 113 *), 6) incre- 
ment the applied shearing force from zero to the shearing capacity of 
the SC wall calculated in step 5 and calculate the incremental moment 
applied to each sub-element for each increment of the shearing force 
(see Fig. 2), 7) calculate the values of the curvature and shearing strain 
in each sub-element using the moment-curvature and shearing force- 
shearing strain relationships calculated in steps 2 and 4, and 8) calculate 
the flexural (Af), shear (A s ) and total (A t ) displacements corresponding 
to each increment of the shearing force as: 



Fig. 1. SC wall panel. 



(1) 



(2) 



and shear for the nonlinear springs that were assigned to the sub- 
elements comprising the column. The Modified Compression Field The- 
ory (MCFT), as developed by Vecchio et al. [12], was used to establish 
the moment-curvature and shearing force-shearing strain relation- 
ships for each sub-element. The flexural and shearing deformations at 
the top of the column, calculated by integrating the curvature and 
shear strain in each section along the column height, were used to ob- 
tain the moment-rotation and shearing force-shearing displacement 
relationships adopted for flexural and shear springs, respectively. 

This approach is used to establish the in-plane flexure-shear re- 
sponse of rectangular SC walls. Fig. 2 illustrates the general procedure. 

The in-plane flexure-shear response of an SC wall subjected to 
lateral loading is calculated in eight steps as follows: 1) discretize the 
wall element into sub-elements along its height and between the points 
of application of lateral loading (termed a wall panel), 2) calculate the 
shear force-shear strain relationship for the panel using the equations 



A t = A f + A s , 



(3) 



The shearing force-shearing strain and moment-curvature rela- 
tionships required to make these calculations for an SC wall panel are 
presented next. 

2.1. Shearing force-shearing strain relationship 

Fig. 3 presents the shearing force-shearing strain relationship 
assumed in this study. The coordinates of the three break points (A, B, 
and C) in the Fig. 3 define the elastic (origin-A), post-concrete cracking 
(A-B), post- faceplate yielding (B-C) regions of the response. The calcu- 
lation of these coordinates is discussed below. 



H 



HT7T7? 



< > 



77777 



yjnax 




Ay; 



4- 



Mi 






4 — 



M 



V t = Vj 



V 

ymax 
= V 



A £ = A s +A 



► V 



Fig. 2. Simplified monotonic analysis of SC walls. 
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Table 1 

Calculation of the shearing response of an SC wall panel. 



Limit state 



Shearing force (kN) 



Shearing stiffness (kN) 



Concrete cracking 

Yielding of the steel 
faceplates 1 ' 2 
Concrete crushing 3 



V cr = 0.00017 J f' c (A c + nA s ) 



K e 



G S A S + G C A C 



Asly 



y ^3K 2 a +I<n 

V u =i^\ + (i) 2 + (r ] -\)^A c f c 



K v u -v y 

Ky ~ 0.006- 



= G S A S . 



7] = A s f y IAj' C . 



2 A A. Concrete cracking: Breakpoint A 

In this study, the shear behavior of SC walls developed by Ozaki et al. 
[5] and Varma et al. [6] is used to simulate the elastic shear response of 
SC walls. Varma et al. [6] parsed the in-plane response of an SC wall in 
shear into three regions: 1) elastic, 2) concrete cracking, and 3) steel 
faceplate yielding. In the elastic range, the infill concrete and steel 
faceplates are modeled using isotropic elastic and isotropic elastic 
plane-stress behaviors, respectively. The shearing strength of the SC 
wall at the onset of concrete cracking is calculated by multiplying the 
area of the transformed SC wall cross-section by a concrete shear stress 

equal to 0.00017^ MPa. The elastic shear stiffness of the SC wall is 
calculated as the sum of the shear stiffness of the infill concrete and 
the steel faceplates. Equations to calculate the coordinates of point A 
are presented in Table 1. 

2 A 2. Steel faceplate yielding: Break point B 

After concrete cracking, Ozaki et al. [5] and Varma et al. [6] as- 
sumed the infill concrete to behave as an orthotropic elastic material 
with no stiffness perpendicular to the direction of cracking and 70% 
of the elastic compression modulus (E c ) in the orthogonal direction. 
The stiffness of the cracked SC wall is calculated assuming 
orthotropic behavior of the infill concrete and isotropic elastic 
plane stress behavior of the steel faceplates. These assumptions are 
used here to calculate the shearing stiffness of a cracked SC wall 
prior to faceplate yielding. The shearing force at the onset of face- 
plate yielding and the shear stiffness of a cracked SC wall are pre- 
sented in Table 1. The equations are derived in Akita et al. [3] and 
Hong et al. [13] and are not repeated here. 



are presented in Table 1 , are from Hong et al. [ 1 3 ] and are not repeat- 
ed here. 

2.2. Moment-curvature relationship 

The moment-curvature relationship for an SC wall is established at 
the points of 1) concrete cracking, 2) yielding of the steel faceplates 
on the tension side of the wall, 3) yielding of the steel faceplates on 
the compression side of the wall, and 4) maximum concrete compres- 
sive strain equal to £ c0 : the concrete strain at/ c ' [16]. Fig. 4 illustrates 
the calculations. 

Assumptions are made to calculate flexural strength, consistent with 
the development of a simplified procedure: (1) plane sections remain 
plane after bending, (2) flexure-shear interaction is considered in the 
calculation of the stress in the steel faceplates but its effect on the re- 
sponse of the infill concrete is ignored, (3) tensile strength of concrete 
is ignored, (4) flexural strength of infill concrete is derived using an 
equivalent rectangular stress-block, (5) the steel faceplates and infill 
concrete are perfectly bonded, (6) the effects of axial force are ignored, 
and (7) strain hardening of the faceplates is ignored. 

The moment-curvature relationship of the wall cross-section can be 
represented by the piecewise linear relationship of Fig. 5. The coordi- 
nates of points A through E in Fig. 5 can be calculated using equations 
included in Table 2. 

2.3. Concrete behavior 

The concrete stress-strain relationship proposed by Tsai [15] is used 
to describe the behavior of the infill concrete: 



2 A. 3. Concrete crushing: Break point C 

Akita et al. [3] estimated the ultimate shear strain for an SC wall in 
pure shear to be 6000 micro strain on the basis of test data. Tsuda 
et al. [14] and Hong et al. [13] have used this value to help character- 
ize the response of SC walls in pure shear. The equations for post- 
yielding stiffness and shearing strength at concrete crushing, which 



Chang et al. [16] proposed Eq. (7) to calculate the concrete strain cor- 
responding to the peak stress, and Eqs. (8) and (9) to establish the shape 



Table 2 

Calculation of the flexural response of an SC wall panel. 



Limit state 
Concrete cracking 

Yielding of the steel faceplates on tension side of the wall 1 



Yielding of the steel faceplates 
on compression side of the wall 2 



Maximum concrete compressive 
strain equals to 

1 p> = 
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Fig. 3. In-plane shear response of SC walls. 
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Fig. 6 presents the stress-strain relationships for unconfined uniaxial 
compressive strengths between 20.6 and 48.3 MPa, which is considered 
a practical range for infill concrete in SC walls, noting that the strain 
limit for calculations is s c0 . 

Fig. 4 presents that the calculation of the equivalent rectangular 
stress block parameters is required for the calculations of flexural 
strengths corresponding to two limit states: 1 ) yielding of the steel face- 
plates on the compression side of the wall, and 2) maximum concrete 
compressive strain equal to The values of ft and j8 2 corresponding 
to these limit states, presented in Table 3, are calculated [17] assuming 
that the equivalent rectangular stress bock recovers the area under 
the stress-strain relationship and the location of its resultant. Values 
of the two stress block parameters are presented for 20.6 < fc < 
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L/2-C/3 ! 
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Fig. 4. Moment-curvature calculation, (a) Concrete cracking, (b) Steel faceplate yielding on tension side of the wall, (c) Steel faceplate yielding on compression side of the wall, 
(d) Maximum concrete compressive strain equals to strain corresponding to fc. 




Fig. 5. Moment-curvature relationship of SC wall. 



48.3 MPa and faceplate yield strengths of 250, 310 and 415 MPa. Values 
for other combinations of ft and f y can be interpolated. 

2.4. Steel material 

Consistent with the development of a simplified procedure, the flex- 
ural strength of the faceplates is calculated assuming a steel stress,/^, 
equal to the average of the yield and tensile strengths of the steel 
faceplates. 

2.5. Flexure-shear interaction in the steel faceplates 

The effect of shearing force on the moment-curvature relationship is 
considered by reducing the yield stress of the steel faceplates. The effect 
of flexure-shear interaction on the response of the infill concrete is 
ignored. An effective yield stress is calculated as 



where f is 

and y is calculated using equation included in Table 2. The effective yield 
stress of the steel faceplates is a function of the concrete uniaxial com- 
pressive strength, the yield stress of the steel faceplates, the reinforce- 
ment ratio, and the normalized moment-to-shear ratio (M/VX). Note 
the normalized moment-to-shear ratio is identical to the wall aspect 
ratio, H/L), for a single story wall panel of height H and length L The in- 
fluence of the normalized moment-to-shear ratio and concrete strength 
on fy is presented in Fig. 7. Results in Fig. 7 are presented for a wall panel 
with 1524 mm length, 254 mm thickness, and 6.4 mm-thick steel 
faceplates with 250 MPa yield strength. Fig. 7 indicates that a) the 



fy = yjf'y 2 -3r 2 (10) 

which is based on the Von-Mises yield condition and assumes zero hor- 
izontal stress along the length of the steel faceplates. The equivalent 
shear stress in the steel faceplates, r in Eq. (10), is calculated by dividing 
the shearing force associated with the flexural resistance of the steel 
faceplates by the cross-section area of the faceplates. Substituting t = 
/;L;/(M/V)intoEq.(10) 



Table 3 

Values of the stress block parameters. 



fc 


Steel faceplate yielding on compression side 




Maximum 


(MPa) 


of the wall 










concrete 




fy = 
MPa 


250 


fy = 
MPa 


310 


fy = 415 
MPa 




compressive 
strain equal 
toe c0 






02 


0i 


02 


0i 


02 


01 02 


20.6 


0.77 


0.73 


0.83 


0.74 


0.92 


0.78 


0.91 0.77 


27.5 


0.68 


0.71 


0.75 


0.72 


0.88 


0.75 


0.88 0.75 
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0.70 
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0.71 
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0.57 


0.70 
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Fig. 6. Unconfined uniaxial compressive stress-strain relationships for infill concrete. 



Fig. 7. Effective yield stress of the steel faceplates. 
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Fig. 8. Force-displacement relationships of SC walls with differing numbers of sub- 
elements. 



yield stress is significantly reduced for aspect ratio less than one on 
account of flexure-shear interaction, and b) the reduction in yield stress 
diminishes with increasing concrete compressive strength because 
flexure-shear interaction decreases with an increase in the shearing 
load resisted by the infill concrete. 

2.6. Vertical discretization 

The vertical discretization of an SC wall panel will affect the cal- 
culation of response because the effects of flexure-shear interaction 
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Connectors 
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Fig. 9. LS-DYNA model. 

change continuously. Results are presented in Fig. 8 for a wall panel 
with an aspect ratio of 1.0, 3810 mm length, 254 mm thickness, and 
4.8 mm-thick steel faceplates of 250 MPa yield strength. The results 
of Fig. 8 and those presented in Epackachi [17] for other aspect ra- 
tios, indicate that 10 elements between points of application of lat- 
eral load are sufficient. 

2.7. Validation of the simplified monotonic analysis 

The simplified monotonic analysis procedure is validated using 
results of finite element analysis of 36 rectangular SC walls performed 
using LS-DYNA [18,19]. The four design variables considered are 1 ) as- 
pect ratio (0.5, 1.0 and 2.0), 2) reinforcement ratio (2% to 5%), 3) wall 
thickness (254, 508 and 762 mm), and 4) compressive strength of infill 
concrete (27.5 MPa and 48.3 MPa). Validation of the baseline model 



Table 4 

Properties of the DYNA models. 



No. 


SC wall type 


Model 


Concrete 


Aspect 


HxLxT 






t s (mm) 


Reinforcement 








strength (MPa) 


ratio 


(mm x mm > 


< mm) 




ratio (%) 


1 


Low-aspect ratio SC walls 


LAN254-4 


27.5 


0.5 


1905 x 3810 


x 


254 


4.8 


3.8 


2 




LAI254-4 


48.3 


0.5 


1905 x 3810 


X 


254 


4.8 


3.8 


3 




LAN254-5 


27.5 


0.5 


1905 x 3810 


X 


254 


6.4 


5.0 


4 




LAI254-5 


48.3 


0.5 


1905 x 3810 


X 


254 


6.4 


5.0 


5 




LAN508-4 


27.5 


0.5 


1905 x 3810 


X 


508 


4.8 


1.9 


6 




LAI508-4 


48.3 


0.5 


1905 x 3810 


X 


508 


4.8 


1.9 


7 




LAN508-5 


27.5 


0.5 


1905 x 3810 


X 


508 


12.7 


5.0 


8 




LAI508-5 


48.3 


0.5 


1905 x 3810 


X 


508 


12.7 


5.0 


9 




LAN762-4 


27.5 


0.5 


1905 x 3810 


X 


762 


7.9 


2.1 


10 




LAI762-4 


48.3 


0.5 


1905 x 3810 


X 


762 


7.9 


2.1 


11 




LAN762-5 


27.5 


0.5 


1905 x 3810 


X 


762 


19.1 


5.0 


12 




LAI762-5 


48.3 


0.5 


1905 x 3810 


X 


762 


19.1 


5.0 


13 


Intermediate-aspect ratio SC walls 


IAN254-4 


27.5 


1.0 


3810 x 3810 


X 


254 


4.8 


3.8 


14 




IAI254-4 


48.3 


1.0 


3810 x 3810 


X 


254 


4.8 


3.8 


15 




IAN254-5 


27.5 


1.0 


3810 x 3810 


X 


254 


6.4 


5.0 


16 




IAI254-5 


48.3 


1.0 


3810 x 3810 


X 


254 


6.4 


5.0 


17 




IAN508-4 


27.5 


1.0 


3810 x 3810 


X 


508 


4.8 


1.9 


18 




IAI508-4 


48.3 


1.0 


3810 x 3810 


X 


508 


4.8 


1.9 


19 




IAN508-5 


27.5 


1.0 


3810 x 3810 


X 


508 


12.7 


5.0 


20 




IAI508-5 


48.3 


1.0 


3810 x 3810 


X 


508 


12.7 


5.0 


21 




IAN762-4 


27.5 


1.0 


3810 x 3810 


X 


762 


7.9 


2.1 


22 




IAI762-4 


48.3 


1.0 


3810 x 3810 


X 


762 


7.9 


2.1 


23 




IAN762-5 


27.5 


1.0 


3810 x 3810 


X 


762 


19.1 


5.0 


24 




IAI762-5 


48.3 


1.0 


3810 x 3810 


X 


762 


19.1 


5.0 


25 


High-aspect ratio SC walls 


HAN254-4 


27.5 


2.0 


7620 x 3810 


X 


254 


4.8 


3.8 


26 




HAI254-4 


48.3 


2.0 


7620 x 3810 


X 


254 


4.8 


3.8 


27 




HAN254-5 


27.5 


2.0 


7620 x 3810 


X 


254 


6.4 


5.0 


28 




HAI254-5 


48.3 


2.0 


7620 x 3810 


X 


254 


6.4 


5.0 


29 




HAN508-4 


27.5 


2.0 


7620 x 3810 


X 


508 


4.8 


1.9 


30 




HAI508-4 


48.3 


2.0 


7620 x 3810 


X 


508 


4.8 


1.9 


31 




HAN508-5 


27.5 


2.0 


7620 x 3810 


X 


508 


12.7 


5.0 


32 




HAI508-5 


48.3 


2.0 


7620 x 3810 


X 


508 


12.7 


5.0 


33 




HAN762-4 


27.5 


2.0 


7620 x 3810 


X 


762 


7.9 


2.1 


34 




HAI762-4 


48.3 


2.0 


7620 x 3810 


X 


762 


7.9 


2.1 


35 




HAN762-5 


27.5 


2.0 


7620 x 3810 


X 


762 


19.1 


5.0 


36 




HAI762-5 


48.3 


2.0 


7620 x 3810 


X 


762 


19.1 


5.0 
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Fig. 10. Force-displacement relationship for 254 mm thick walls with 3.8% reinforcement ratio. 



was performed by simulation of the nonlinear cyclic in-plane behavior 
of four large-scale rectangular SC walls tested at the University at 
Buffalo [8]. 

Table 4 summarizes the design parameters for each analysis case. 
Each entry is identified using aspect ratio wall (L for low-aspect 
ratio, 0.5; I for intermediate-aspect ratio, 1.0; and H for high-aspect 
ratio, 2.0); concrete compressive strength (N for normal-strength 
concrete and I for intermediate-strength concrete); the thickness; and 
reinforcement ratio. For example, LAN254-4 represents a 254 mm 
thick low-aspect ratio (H/L = 0.5) SC wall with normal-strength con- 
crete (Jc = 27.5 MPa) and 4% reinforcement ratio (2t s /t c = 0.04). 

The wall length in all the DYNA models is 3810 mm. The spacing of 
the studs and tie rods are 127 mm and 508 mm, respectively. The diam- 
eter of the studs and tie rods is 9.6 mm. The values of the spacing and the 



diameter of the studs and tie rods are selected based on the specifica- 
tions proposed by AISC N690sl [20]. The smeared crack Winfrith 
model (MAT085) in LS-DYNA, developed by Broadhouse [21], is used 
to model the infill concrete. The Broadhouse model provides informa- 
tion on the orientation of the cracking planes (up to three orthogonal 
cracks for each element) and the width of the cracks [22]. The plastic- 
damage model, Mat-Plasticity-With-Damage (MAT081) in LS-DYNA 
[19], is used for the steel faceplates and connectors. The nominal 
yield and ultimate strengths of the studs and tie rods are assumed 
to be 345 and 517 MPa, respectively. ASTM A36 steel is assumed 
for the steel faceplates, with values of yield stress and tensile 
strength of 262 and 380 MPa, respectively. Friction between the infill 
concrete and the steel faceplates is considered. The studs and tie rods 
are coupled to the infill concrete elements. Beam elements are used 




Fig. 11. Force-displacement relationship for 508 mm thick walls with 1.9% reinforcement ratio. 




Fig. 12. Force-displacement relationship for 762 mm thick walls with 2.1% reinforcement ratio. 
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(a) Low-aspect ratio SC wall 
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(b) Intermediate-aspect ratio SC wall 
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(c) High-aspect ratio SC wall 
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calculated using 75 sub-elements over the height of the wall panel. 
Results for other wall panels are presented in Epackachi [17]. The pro- 
posed method accurately predicts the monotonic in-plane response of 
the SC walls with different aspect ratios, reinforcement ratios, concrete 
strengths, and wall thicknesses up to the point of maximum shear resis- 
tance. The peak shearing resistance of the low-aspect ratio walls is 
slightly over-estimated. 

Fig. 13 presents the components of displacement for the analytically 
derived and DYNA-predicted force-displacement relationships for 
254 mm thick rectangular SC walls with a reinforcement ratio of 3.8%. 
The shearing displacements dominate for an aspect ratio of 0.5 and 
the flexural displacements dominate for aspect ratios greater than 1.0, 
which are expected outcomes. The lateral displacement corresponding 
to shearing strength is underestimated because the stiffness reduction 
due to the out-of-plane buckling of the steel faceplates has not been 
considered in the simplified approach but is captured in the DYNA anal- 
ysis. These results further confirm the utility of the proposed simplified 
method for monotonic analysis of rectangular SC wall panels. 

2.8. Force-displacement response of multi-story SC walls 

Single story walls are rarely used in practice and so a simplified 
method must be appropriate for analysis of multi-story SC walls. 
Small-size walls are analyzed here to take advantage of prior work 
and minimize the computational expense. Two three-story walls are 
analyzed using the proposed method (see Section 2) in MATLAB and 
the finite element method using DYNA, with the same material models, 
elements, and boundary conditions used for the analysis of 36 rectangu- 
lar SC walls. The length and height of the walls are 1524 mm and 
3045 mm, respectively. The thickness of the walls is 305 mm; the 
thickness of each steel faceplate is 4.8 mm. Beams and columns are 
not included in the models. The SC walls are subjected to uniform and 
triangular distributions of lateral loads as shown in Fig. 14. 

The shear force-shear strain relationship for each panel of the three- 
story walls (PI, P2, and P3 presented in Fig. 14) was calculated using the 
equations of Table 1. The moment-curvature relationship for each panel 
was calculated using an effective yield stress (Eq. ( 1 1 ) ) that is a function 
of the moment-to-shear ratio (M/VT), which depends on the vertical 
distribution of lateral loads above the panel. 

The moment-to-shear ratio for PI in both SC walls is presented 
below to illustrate the calculation. The level of the resultant of the lateral 
loads applied above PI for the SC walls subjected to uniform and trian- 
gular distributions of lateral loads can be calculated using Eqs. (13) and 
(14), respectively: 



Fx3H+Fx2H+FxH 
F+F+F 



2H 



(13) 



Lateral displacement [mm] 



_ F x 3H + 0.67F x 2H + 0.33F xH _ 
r ~~ F + 0.67F + 0.33F ~ " 



(14) 



Fig. 13. Analytically- and DYNA-predicted force-displacement relationships for 254 mm 
thick wall with 3.8% reinforcement ratio, (a) Low-aspect ratio SC wall, (b) Intermediate- 
aspect ratio SC wall, (c) High-aspect ratio SC wall. 

to represent the studs and tie rods. Eight-node solid elements are 
used to model the infill concrete, and four-node shell elements are 
used for the steel faceplates. The infill concrete is modeled with 
25.4 mm x 25.4 mm x 25.4 mm elements and the steel faceplates 
are modeled with 25.4 mm x 25.4 mm elements. The connection of 
the wall to the foundation is assumed to be rigid. The LS-DYNA 
model is presented in Fig. 9. 

Figs. 10-12 present DYNA-predicted shearing force-displacement 
relationships together with those predicted using the proposed method 



The moment-to-shear ratio for PI is calculated as h r /L= 1.33 (2H/L) 
and = 1.56 (2.34H/L) for the SC walls subjected to uniform and triangu- 
lar distributions of lateral loads, respectively. 

The flexural displacement at the top of each 1 01 5-mm tall panel was 
calculated using Eq. ( 1 ) withy/ as the distance between the center of ith 
sub-element of the panel and top of the three-story SC wall. Seventy- 
five sub-elements were used for each of the three panels. The shear 
displacement at top of each panel was calculated using Eq. (2). The 
total displacement at the top of the wall is calculated as: 

4 = (An + 4n) + (4 2 + Afi) + (4s + 4b) • ( 15 ) 
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Fig. 14. Elevation view of three-story SC walls subjected to uniform and triangular distributions of lateral loads. 



The rotation at the top of each wall panel is calculated as: 



0; = Vi+E^4y/ 



(16) 



where i and j denote the sub-element and story numbers, respectively, 
and 0 O = 0. The displacement components and rotations at the tops of 
the panels are defined in Fig. 15. 

Responses per Eq. (15) are presented in Fig. 16. The proposed method 
reasonably predicts the monotonic responses of this three-story SC 
walls. The initial stiffness is accurately predicted and the peak shearing 
strength is estimated with less than 10% error. 

3. Conclusions 

An analytical model for calculating the monotonic response of SC 
wall panels is developed and verified for the preliminary analysis and 
design of structures including these walls. The simplified analytical 
model is verified using the results of DYNA analysis of low, intermediate 
and high aspect ratio walls, with materials and properties typical of 
those used in the building and nuclear industries. Flexure and flexure- 
shear critical walls are considered. The baseline DYNA model was 



A . + A,, 

s3 J j 




validated using results of large-scale cyclic tests of SC walls with an as- 
pect ratio of 1.0. 

The key components of the analytical model for monotonic analysis 
of rectangular SC walls are a) moment-curvature, and b) shearing 
force-shearing strain relationships for each wall panel. A step-by-step 
procedure is presented to calculate response under monotonic loading, 
which could be coded into MATLAB for design-office applications. 
Assumptions are made, which are consistent with simplified models 
and the intended use, including a) axial load effects are ignored, and 
b) perfect bond between the faceplates and the infill concrete 
(preventing buckling of the faceplates). The accuracy of the predicted 
responses of single-story SC panels and a three-story SC wall is 
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(b) Uniform loading 
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Fig. 15. Displacement calculation in three-story SC wall. 
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Fig. 16. Analytically- and numerically-predicted responses of three-story SC walls, 
(a) Triangular loading, (b) Uniform loading. 
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investigated using the results of DYNA analysis. Good agreement is ob- 
tained between the analytical and numerical results. 

Notation 



A c Cross-section area of infill concrete 

A s Cross-section area of steel faceplates 

c Depth to the neutral axis 

E c Elastic modulus of concrete (MPa) 

E s Elastic modulus of steel (MPa) 

E c cr Elastic modulus of cracked concrete = 0.7 E c 

Ec Compressive force on infill concrete 

F s Compressive and tensile forces in steel faceplates 

f c Concrete stress 

f s Steel stress 

fc Uniaxial compressive stress of concrete (MPa) 

f y Yield stress of steel faceplates (MPa) 

f u Ultimate stress of steel faceplates (MPa) 

fy Effective yield stress of steel faceplates (MPa) 

fy Average of yield and ultimate stress of steel (MPa) 

f r Modulus of rupture of concrete (MPa) 

G c Elastic shear modulus of concrete (MPa) 

G s Elastic shear modulus of steel (MPa) 

H Height of wall panel 

h r Level of the resultant of the lateral loads applied above an SC 

panel in multi-story SC walls 

k Ratio of the yield strain of the steel faceplates to the concrete 

strain corresponding to the peak stress 

K e Elastic shear stiffness of SC wall 

K cr Shear stiffness of SC wall after concrete cracking 

K cr Shear stiffness of SC wall after yielding of steel faceplates 

Ka Shear stiffness of steel faceplates 

Kp Shear stiffness of diagonally cracked infill concrete 

L Length of wall 

M Bending moment applied on SC wall cross-section 

Mi Bending moment in i th sub element 

M cr Flexural strength of SC wall at concrete cracking 

My Flexural strength of SC wall at yielding of steel faceplates on 

tension side of the wall 

M y c Flexural strength of SC wall at yielding of steel faceplates on 

compression side of the wall 

M c Flexural strength of SC wall at maximum concrete compres- 
sive strain equal to £ c0 

M u Flexural strength of SC wall at concrete crushing 

m Number of sub elements along the height of panel 

n Modular ratio 

n' Coefficient of concrete stress-strain relationship 

r Coefficient of concrete stress-strain relationship 

t c Thickness of infill concrete 

t s Thickness of each steel faceplate 

V Shearing force applied on SC wall cross-section 

Vcr Shearing strength of SC wall at concrete cracking 

V y Shearing strength of SC wall at yielding of the steel faceplates 

V u Shearing strength of SC wall at concrete crushing 

V ni In-plane shearing strength of SC wall specified by AISC N690s 1 

Vi Shearing force in ith sub element 

x Ratio of the concrete strain to strain corresponding to peak 
stress 

y t Distance between the center of ith sub element and top of the 
wall 

Ay z Height of I th sub element 

Afj Flexural displacement at top of j th panel 

A S j Shear displacement at top of j th panel 

A t Total displacement at top of SC wall 

ji Shear strain in z th sub element 

y cr Shear strain of SC wall at concrete cracking 



y y Shear strain of SC wall at yielding of the steel faceplates 

y u Shear strain of SC wall at concrete crushing 

r Average shear stress in steel faceplates 

v s Poisson's ratio for steel 

r] Strength-adjusted reinforcement ratio 

p Reinforcement ratio 

p Strength-adjusted reinforcement ratio 

p' Modulus-adjusted reinforcement ratio 

\ Aspect ratio of SC wall 

s cr Concrete cracking strain 

s c Concrete strain 

s s Steel strain 

£co Strain at peak stress of concrete 

£ S h Steel strain at hardening 

£ y Steel strain at yielding 

a Ratio of neutral axis depth to length of the wall 

(f>c r Curvature of SC wall cross- section at concrete cracking 

4>y Curvature of SC wall cross-section at yielding of steel face- 
plates on tension side of wall 

4> y c Curvature of SC wall cross-section at yielding of steel face- 
plates on compression side of wall 

(f>c Curvature of SC wall cross-section at maximum concrete 
compressive strain equals to £ c0 

4> u Curvature of SC wall cross-section at concrete crushing 

(pi Curvature in z' th sub-element 

ft Stress block coefficient 
Stress block coefficient 
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